I. INTRODUCTION

I
T IS WELL known that bicrystal Josephson junctions fabricated on high-angle substrates exhibit a number of unusual features [2] , [3] . The fact that most of these properties are direct consequences of the predominant d-wave symmetry of the superconducting wave-function is well established.
Much progress in the field of quantum computing has been achieved over the past few years. A number of groups have successfully demonstrated that it is indeed possible to fabricate the basic building blocks of quantum computers, so-called qubits, using solid-state technology [4] - [6] . Most of these implementations have used superconducting elements as an integral part of their design, yet all of these structures have been fabricated using conventional (i.e., low-) superconductors.
It has been suggested that junctions and SQUIDs fabricated in YBCO might have certain advantages over their conventional counterparts [7] . In phase-qubits, the d-wave symmetry can be Manuscript received August 6, 2002 
II. THEORETICAL BACKGROUND
A. D-Wave Symmetry
In the case of an order parameter with d-wave symmetry, the current-phase relation (CPR) of HTS Josephson junctions is not a simple sinusoidal function of the phase but rather the sum of many harmonics. A consequence of the d-wave symmetry is that in 0 -45 grain boundary Josephson junctions (GBJJ) the first harmonic of the CPR is suppressed by symmetry, tunneling from a lobe to a node of the order parameter being forbidden. The supercurrent is then only due to higher harmonics of the CPR, mainly the second.
This simple picture is only valid in the clean ballistic limit. It can however be shown that the 1st harmonic will still be suppressed for a more realistic interface but with a strong temperature dependence [10] , [12] . The 2nd harmonic will only dominate below some definite temperature . Any form of scattering will also tend to reestablish the domination of the 1st harmonic. The interplay between the 1st ( -periodic) and 2nd ( -periodic) harmonics of the CPR of 0 -45 GBJJ has unique effects that could prove to be very useful for qubit implementation.
B. Phase Qubits Utilizing the D-wave Symmetry
There are two classes of superconducting qubits characterized by the ratio of the Josephson energy to the charging energy . The phase qubits are those for which sets the scale of operation . An important distinction between the concept described in this paper and phase-qubits based on conventional superconductivity is that in our case the double-well potential, with relevant Josephson energy scale , comes from the second harmonic of the current-phase relation.
Phase fluctuations occur at the plasma frequency given by:
This can be regarded as an attempt rate to tunnel through the barrier. Two distinct quasiclassical states will exist for or equivalently . The two states will be separated by tunnel splitting:
for (2) The presence of the 2nd harmonics is clearly manifested in SQUID devices. The standard expression for the maximum supercurrent that can flow through a SQUID is
with the phase difference in junction i, the magnetic flux contribution and where the indices 1 and 2 represent the junctions and the roman numbers represents the 1st and 2nd harmonic respectively. In this expression we have kept the first harmonic terms to account for remnant contributions from the 1st harmonic (due to imperfections in the interface) in a real device.
C. Size Effects
The design of a real device based on the ideas described above has of course also to consider other effects. Decoherence due to nodal quasiparticles is a major problem in HTS qubits. However, it can be shown that by making the junctions small enough the low-lying excitations will be suppressed by size quantization. In order to achieve a 1 K size induced gap at the Fermi-level one can estimate that the size of the junctions must be K m
This optimistic estimate is valid only for a ballistic S-N-S junction and assuming a mean free path of the order of hundreds of nanometers (which is certainly possible in a high-quality epitaxial film). A more realistic estimate should probably take into account the smaller mean free path of the grain boundary interface nm ; the spectrum is then gapped by an energy of the order of the Thouless energy which means that the size should be smaller than 100 nm to obtain the 1 K size induced gap. Furthermore, it is well recognized that small junctions have a reduced coupling to the external degrees of freedom.
D. Implementation
Theoretical considerations tell us that in order to successfully fabricate a HTS qubit one has to be able fabricate high-quality sub-micrometer Josephson junctions on high-misorientation angle substrates. Furthermore the 2nd harmonic must dominate so that ; this in turn means that one needs to fabricate 0 -45 junctions with a relatively high transparency and low scattering. 
III. FABRICATION
The fabrication process has 4 main stages. First, the YBCO thin film is deposited using standard pulsed laser deposition technique and capped in situ with a thin 20 nm layer of gold. Further 30 nm of Au thin film is deposited ex situ. Contact pads and alignment marks are patterned in 200 nm Au film by using electronresist lift-off stencil defined by e-beam lithography. In the same step, fine rulers (0.5 m pitch) are produced to enable localization of the grain boundary (GB) with respect to the main alignment marks. The design of the chip is then adjusted to align the junctions according to the actual GB position on the chip. This strategy allows us to achieve a 0.2 m positioning accuracy with respect to the GB.
The next stage is the patterning of the amorphous carbon mask. We first deposit an amorphous carbon layer (120 nm) by e-beam evaporation. The chip design is patterned by e-beam lithography onto a Cr mask by lift-off. The pattern is then transferred to the a-C mask by oxygen plasma etching through the Cr mask. This step renders a positive a-C mask of the chip on the YBCO which is then ready to be etched by Ar ion milling to form the operational device. The final stage involves stripping the residual a-C mask by oxygen plasma etching and removing the thin Au layer covering the YBCO by a low acceleration Ar ion milling. An AFM image of a SQUID with 0.4 m wide junctions is presented in Fig. 1 [13] .
IV. EXPERIMENTAL RESULTS
A. Sub-Micrometer Josephson Junctions
In a previous study [8] we have fabricated a large number of Josephson junctions of various widths, , on the sub-micrometer range using the technique outlined above. We were able to achieve a close reproducibility of the junction parameters. While the product had the usual scaling, the zero-field critical current of the junctions increased approximately as , in the range -m (see Fig. 2 ). The current-voltage characteristics of the junctions were of RCSJ type with observed Shapiro steps. They were hysteretic at low temperatures which allowed us to use the method presented by E. Tarte et al. [9] to estimate junction capacitances and hence the Coulomb energy. We have found that the capacitance of sub-micrometer junctions obeys, over an order of magnitude, the (1) and (2) the Josephson and the Coulomb energies can be estimated. To establish the accuracy of the single-shot measurements of and C we have also studied the distributions of the switching and the retrapping currents at 4 K and 20 mK. The estimated error due to the finite width of the distribution was about 5% for and 30% for C.
B. Second Harmonic in Dc-SQUIDs
In order to estimate we have fabricated SQUIDs with the junctions 0.2-2 m wide and the loop size 5-15 m and measured their critical current as a function of magnetic field. In total 10 SQUIDs of various sizes were measured. All SQUIDs with narrow junctions showed a nearly ideal sinusoidal response to low fields, while all SQUIDs with wide junctions had a pronounced second harmonic, which in some cases was even dominant. An example of this behavior can be seen in Fig. 3 . The second harmonic gradually faded away as the field was increased. The main period of the magnetic response for the two types of SQUIDs appeared to be very similar. Previously a substantial second harmonic at 4 K in SQUIDs with 0 -45 bicrystal junctions was reconstructed from the inductive resonance measurements by Il'ichev et al. [10] .
Critical current of the SQUID junctions measured in a much wider magnetic field range (Fig. 4) demonstrate a pattern perfectly symmetric with respect to the direction of both the field and the bias current, albeit by far not an ideal Fraunhofer pattern. Importantly, the critical current reached its maximum value at fields away from zero. It is widely accepted that this picture arises from a combined effect of a large number of 0 and facets in the junction [11] . It is worth mentioning that even the widest junctions measured are still magnetically short, as the Josephson penetration length is about 2 m and the quasiperiod of the pattern in Fig. 4 is close to .
V. DISCUSSION
A stronger than linear dependence of the critical current of the junctions on their width in the sub-micrometer range possibly signals some mechanism of deterioration of the junction properties during processing. Such mechanism can be related to enhanced oxygen out-diffusion along the grain boundary region. Oxygen disorder in the vicinity of a sub-micrometer junction would suppress the d-wave order parameter and establish a small s-wave component. This in turn would decrease the second harmonic of the current-phase relationship as was indeed observed in our experiments at 4 K. In contrast to the disorder scenario, a mere increase of barrier thickness would support the second harmonic of the critical current [12] . It would therefore be instructive to perform post-processing oxygenation of sub-micrometer junctions in an attempt to recover the second harmonic. If this can be achieved, the following parameters of the qubits can be envisaged using 0 -45 bicrystal junctions with width of the order of 100 nm:
VI. SUMMARY Our measurements of dc-SQUIDs show that the second harmonic of the Josephson current is always present in 2 m wide 0 -45 bicrystal junctions which is a prerequisite for realization of the discussed qubit. More than 4 chips were fabricated and 80% of the 20 SQUIDs with sub-micrometer junctions on each chip were working. Parameters extracted from the SQUID performance envisage the qubit realization. A number of precautions should be taken however to reach the qubit implementation.
